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Abstract

As drug-seeking behaviors become increasingly habitual and disordered, drugs and their
cues become more rewarding relative to natural rewards as self-awareness of drug-related
problems decreases (i.e., impaired clinical insight). Previous studies suggest that monitoring of
drug-related choice behavior (behavioral insight) may be related to clinical insight, however the
underlying neural and behavioral mechanisms involved in these processes remain unclear. The
current study aimed to test self-awareness of drug and non-drug reward responsivity as a
mechanism of insight using a multi-method approach. Participants aged 18-50 with a Cannabis
Use Disorder (CUD) diagnosis were recruited to participate in a lab session, during which they
rated their emotional response to cannabis, pleasant, unpleasant, and neutral pictures while
undergoing simultaneous EEG recording of the Late Positive Potential (LPP). Participants
completed a validated probabilistic learning choice task to measure behavioral insight. Finally,
participants completed self-report measures of cannabis use-related problem recognition and
motivation to change at the lab session. Results showed that picture type did not have a
moderating effect on the relationship between any insight variables and coherence between
neurophysiological and subjective measures of emotional arousal but that, contrary to theory,
participants with impaired behavioral insight showed more coherence. Further, results did not
provide support for the hypothesized relationship between reduced behavioral and clinical
insight. These findings do not support reward coherence as a mechanism of behavioral or clinical
insight in people with CUD but add to the growing literature on the role of insight in CUD

maintenance.
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Reward Coherence: A Multi-Method Examination of
Insight and Reward Processing in Individuals with Cannabis Use Disorder

With the increased legalization and acceptance of cannabis use, Cannabis Use Disorder
(CUD) prevalence is rising in the United States (Carliner et al., 2017), yet only about 15% of
people with CUD sought treatment in 2019, which was down to less than 5% in 2020 (Center for
Behavioral Health Statistics and Quality [CBHSQ], 2020; CBHSQ, 2021). Studies investigating
treatment-seeking behaviors have identified several barriers to treatment for substance use
disorders (SUDs), including stigmatization and denial (Grant, 1997), desire to manage use on
their own, concerns about sharing personal information, and the financial burden (Ellingstad et
al., 2006). These barriers make it essential to identify predictors of behaviors that lead to
successful self-initiated change attempts. Impaired clinical insight (i.e., reduced motivation to
change and problem recognition) into drug use and its related problems has been identified as a
risk factor for worse SUD treatment outcomes, though findings related to insight and SUD
severity have been mixed due to possible measurement and sampling issues (Raftery et al.,
2020). In addition, the neural and behavioral mechanisms that underlie individual differences in
clinical insight are unclear. The current study seeks to explore two possible underlying
mechanisms contributing to poor clinical insight in people with CUD in order to improve CUD
risk measurement and inform novel treatment targets aimed at increasing clinical insight. We
will use a multi-method approach (i.e., neurophysiological, behavioral, and self-report) to reduce
measurement bias.
Self-change & Motivation to Change

Because most people who have CUD will not seek or receive treatment for the CUD, it is
important to understand predictors of self-change and motivation to change. Self-change is

defined as recovery from a disorder without receiving treatment for that disorder (Ellingstad et



al., 2006), whereas motivation to change serves as a representation of where on the stage of
change spectrum (i.e., pre-contemplation, contemplation, preparation, action, maintenance,
termination) someone falls (Prochaska & Velicer, 1997). In prior studies, motivation to change
was higher in people experiencing more cannabis-related problems, including physical and
psychological problems, along with concerns about the consequences of use, like financial cost
(Fernandez-Artamendi et al., 2013; Hughes et al., 2016b, 2016a). Actual quit attempts were
generally predicted by more health- and cannabis-related problems (Chauchard et al., 2013;
Ellingstad et al., 2006; Hughes et al., 2016b) and social influence to cut down or quit (Hughes et
al., 2016b). Finally, maintenance of abstinence achieved during a quit attempt was associated
with a greater perception of cannabis use problems, greater motivation for relief from
physical/social problems caused by cannabis (Chauchard et al., 2013), and development of more
cannabis-free interests (Ellingstad et al., 2006). These studies demonstrate the importance of
recognition of cannabis-related problems in motivating self-change and the role of natural
rewards (i.e., social support, substance-free interests, etc.) in promoting and sustaining self-
change attempts.
Reward Processing in CUD

Reward processing refers to the neural, psychological, and behavioral processes involved
in reward seeking and consumption (Berridge et al., 2009). Like natural rewards (e.g., food, sex,
social interaction, etc.), drugs stimulate the brain’s reward pathway. Continued, heavy use of
drugs can lead to neuroadaptations in the reward pathway that contribute to addiction
development and maintenance (Kalivas & Volkow, 2005; Ray & Grodin, 2021). Drug use may
begin as a voluntary action, but when it becomes disordered to the point of addiction, drug use

transforms into a maladaptive response triggered by drug cues, negative affect, and craving. As



drug use becomes more disordered, drugs and their cues become more rewarding relative to
natural rewards and their cues (Robinson & Berridge, 1993; Versace et al., 2017). Further, it has
been theorized that drug-seeking behaviors transition from prefrontal cortical, known for higher
level executive function, to striatal regions of the brain, known for more basic reward processes,
as addiction develops (Everitt et al., 2008). Consistent with this theoretical model, there is
evidence showing that greater CUD severity is positively associated with self-reported craving
after seeing cannabis cues relative to neutral cues (Kroon et al., 2022), as well as greater neural
activation to cannabis cues in reward-related pathways for frequent cannabis users relative to
non-frequent or non-users (Cousijn et al., 2012). However, conscious awareness of this process
likely varies among addicted individuals, which may impact clinical insight.
Insight

As drug-seeking behavior becomes increasingly habitual, an individual may become less
aware of their behaviors and problems associated with substance use (i.e., impaired insight;
Moeller et al., 2010). Insight has been commonly explored in several clinical populations (e.g.,
psychosis and mania; Engh et al., 2007) but has been underexplored in the substance use
literature. Studies observing the impact of insight on SUD treatment outcomes generally indicate
that more insight improves treatment outcomes through increased motivation for treatment
(Goethals et al., 2012; Blume et al., 2000), attending more treatment sessions (Giyaur et al.,
2005), and increased long-term abstinence (Kim et al., 2007; Willems et al., 1973).

Another problem with the current insight and substance use literature is the lack of
consensus on the insight construct and how it is measured. A recently conducted systematic
review of insight in SUDs found that 13 different methods of measuring insight were deployed

across 20 studies (Raftery et al., 2020), making it difficult to reconcile findings across studies.



To better understand the insight construct, the authors of this systematic review also ascribed
various clinical and cognitive components to each measure. Clinical insight refers to problem
recognition and desire for treatment, whereas cognitive insight takes a more metacognitive
approach and refers to a person’s ability to reflect on their own thoughts and behaviors (Beck et
al., 2004). Other subconstructs that are proposed to be involved in impaired insight into
substance use problems include deficits in self-monitoring and interoception (Maracic &
Moeller, 2021), both of which could impair awareness of important bodily cues when making
decisions related to substances. However, measurement of these subconstructs as they pertain to
insight in SUDs is in its early stages.

A computerized task has been developed to assess potential deficits in self-monitoring of
substance-related choice behavior. The probabilistic learning choice task developed in Moeller et
al. (2010) had participants make card selections from four card decks, each primarily comprised
of one of four picture types (e.g., pleasant, unpleasant, drug, or neutral). Participants selected a
deck in each trial and viewed a card from that deck. At the end of the task, participants reported
which picture type they chose to view the most, which was compared to their actual most viewed
picture type as a measure of behavioral insight. In populations of cocaine and opioid users,
impaired behavioral insight on this task was associated with higher SUD severity (Moeller et al.,
2010, 2020). Recently submitted results from our lab using this behavioral insight task in 42
individuals with severe CUD and 47 non-cannabis-using controls indicate that controls chose to
view more pleasant than cannabis pictures, whereas this bias was not observed in the CUD
group. The CUD group also showed more impaired behavioral insight than the control group, the
severity of which was highest in CUD cases who underestimated cannabis choice specifically.

Finally, this impaired behavioral insight was associated with less awareness of cannabis-related
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problems and less motivation to change cannabis use (Macatee, Schermitzler, et al., 2023).
Overall, these findings suggest that poor clinical insight may be related to deficits in self-
monitoring abilities. Therefore, awareness of one’s emotional responses to drug versus non-drug
rewards may be relevant to awareness of drug versus non-drug reward choice behavior and
clinical insight.

Reward Coherence: An Intersection Between Insight and Reward Processing

The relationship between insight and reward responsivity in substance users has received
minimal attention, which could be important to clarify underlying mechanisms of reward-seeking
behavior self-awareness. One study found that discrepancies in cocaine-users’ self-reported
interest in a monetary reward task and their monetary reward-driven P300, a brain signal related
to motivated attention which was reduced compared to controls, were related to increased
frequency of cocaine use (Goldstein et al., 2008), suggesting a connection between SUD severity
and perceived versus neurophysiological reward responsivity (i.e., reward coherence). Moreover,
studies implementing interventions to boost insight, motivation to change, and the salience of
natural rewards have shown promise in reducing substance use and related problems (Ladd et al.,
2021). Taken together, it is possible that reward responsivity and the interoceptive awareness of
that process are dissociable and related to SUD outcomes.

As such, the current study aimed to better understand the relationship between clinical
insight (motivation to change/problem recognition), behavioral insight (accurate self-monitoring
of choice behavior), and reward processing interoception (reward coherence). Reward coherence
was measured through the correlation between neurophysiological measures of reward and self-
reported reward in a modified picture viewing task. In addition, the probabilistic learning choice

task was used as a measure of behavioral insight. To test reward coherence as a mechanism
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driving impaired behavioral and clinical insight, the indirect association of impaired behavioral
and clinical insight via reduced reward coherence was tested. We hypothesized 1) that picture
type (i.e., pleasant, unpleasant, cannabis, neutral) would moderate the relationship between
insight variables (clinical and behavioral) and reward coherence and 2) that the behavioral and
clinical insight would be associated via an indirect effect of reward coherence, such that the link
between impaired behavioral insight and low clinical insight would be attributable to low reward
coherence.
Method

Sample Size Justification

Results from a preliminary study in our lab assessing insight in a sample of 42 people
with past-three-month severe CUD indicate that a behavioral measure of insight predicts
motivation to change cannabis use and cannabis-related problem recognition, such that intact
behavioral insight is associated with greater problem recognition, #40)=-2.98, p=.005, d =.91,
and greater motivation to change, #(34.06)=-2.03, p=.050, d =.63 (Macatee, Schermitzler, et al.,
2023). Because the effect sizes for the direct effects are known to be medium to large and we
hypothesize that reward coherence will be the mediating mechanism, we believe it is
conservative to estimate that the indirect effects will have at least a medium effect size.
Therefore, based on our prior study (Macatee, Schermitzler, et al., 2023) we believe a sample
size of 50 individuals with moderate or severe CUD is sufficient to detect a medium effect size
of direct and indirect effects in the proposed study.
Participants

As part of a larger study, we recruited 33 English-speaking, non-treatment-seeking adults

(18-50 years old) from the Auburn-Opelika community and Auburn University SONA system.
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Participants self-referred to the study, which was advertised through fliers, social media, and the
Auburn University SONA system. Participants were regular cannabis users (i.e., at least four
times per week for the past three months) who met criteria for a moderate or severe CUD
diagnosis within the past year (as determined by SCID-5 CUD diagnostic interview) and used
cannabis flower regularly (defined as at least twice per week). The relatively high frequency of
cannabis use and the requirement of at least moderate CUD increases validity of the motivation
to change and problem recognition measures by guaranteeing a minimum level of clinician-
assessed cannabis-related problems. Individuals with a history of severe head trauma (as defined
by any loss of consciousness from head injury or concussion within one month of study
enrollment) or other neurological disorders, current daily use of prescribed mood stabilizing
medication, current pregnancy, a history of psychotic or seizure disorders, any change in mood
stabilizing medication in the past month, or other non-prescribed substance use (with the
exception of alcohol and nicotine) more than once per month on average over the past year were
excluded from the study. Additionally, individuals who met criteria for moderate or severe
Alcohol Use Disorder (AUD) or a current Manic Episode on the Mini International
Neuropsychiatric Interview (MINI), or express current suicidal intent (as indicated by a score >4
on the Columbia Suicide Severity Rating Scale [C-SSRS]) were excluded. Finally, individuals
with known allergies to skin care products such as lotion, soap/body wash, shampoo, perfume, or
cosmetics were excluded to prevent allergic reactions to the conducting gels used during the
EEG session. As compensation for their time, SONA participants received psychology course
extra credit for participation (6.5 SONA credits for completing all study activities), while
participants from the broader community were compensated with money ($100 for completing

all study activities).
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Procedure

Potential participants first completed an online screener to determine preliminary
eligibility according to inclusion and exclusion criteria. After preliminary eligibility was
determined, a CUD diagnostic interview (~60-90 minutes) was conducted to determine CUD
severity and full eligibility for the study. Eligible participants were invited to a lab session to
complete the self-report, behavioral, and neurophysiological (e.g., electroencephalography;
EEG) measures (~150-180 minutes). At the beginning of the lab session, participants provided a
urine sample to verify cannabis use and abstinence from other illicit substances. As part of a
larger study, participants returned for an identical lab session one week later, followed by five
brief monthly self-report follow-up questionnaires, which were delivered via email.

Measures
Clinician-Administered Interview

The Structured Clinical Interview for DSM-5, Research Version (SCID-5-RV) CUD
interview is a structured clinical interview that uses the 11 DSM-5 SUD criteria to assess for
CUD and its severity (First et al., 2015). The presence of 2-3, 4-5, or 6 or more criteria indicate a
mild, moderate, or severe CUD diagnosis, respectively. Participants were eligible if they met the
moderate threshold (>4 criteria) in the past year.

The Mini International Neuropsychiatric Interview (MINI) is a validated structured
clinical interview comprised of diagnostic modules for various disorders (Sheehan et al., 1998).
In the present study, English Version 7.0.0 for DSM-5 was used to assess for the presence of past
year moderate or severe AUD or a current Manic Episode, both of which were exclusionary.

Finally, suicidality was screened using item 9 from the Beck Depression Inventory,

Second Edition (BDI-II; Beck et al., 1996). Participants provided a written response to the single

14



item. If the response was scored greater than zero, the interviewer administered the Columbia
Suicide Severity Rating Scale (C-SSRS) to the participant. The C-SSRS is a 5-item clinician-
administered interview to assess the presence of suicidal ideation and behavior. Scores of four or
greater indicate active suicidal ideation with some intent to act, and therefore, participants
scoring four or more on the C-SSRS were excluded. All participants who provided a response
greater than zero to the BDI-II item 9 were provided with local mental health resources and
emergency phone numbers.

Trained graduate clinicians conducted the interviews under supervision of a licensed
doctoral-level clinical psychologist. Graduate clinicians were trained through tape review and
live observation before conducting interviews. Additionally, cases were discussed between
graduate clinicians and the supervising licensed clinical psychologist to ensure consensus.
Readiness to Change Questionnaire (RCQ)

The RCQ is a 12-item self-report measure designed to assess an individual's current
position on the spectrum of stages of change according to the transtheoretical model of change
(Rollnick et al., 1992). Participants were asked to respond to questions on a 5-point Likert scale,
ranging from -2 (Strongly Disagree) to 2 (Strongly Agree). Three subscales (Precontemplation,
Contemplation, and Action) were derived from the responses. The reverse-scored
Precontemplation subscale subtracted from the Contemplation subscale was used to evaluate
cannabis related problem recognition (Blume et al., 2000).

Marijuana Use Ladder (MUL)

The MUL is a single-item, 10-point self-report scale that measures cannabis use

motivation to change. Participants chose a single response ranging from 1 (I enjoy using

marijuana and have decided I’ll never change it. I have no interest in changing the way I use
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marijuana.) to 10 (I have changed my marijuana use and will never go back to the way I used
marijuana before.). The MUL has demonstrated predictive validity of cannabis use and treatment
engagement (Slavet et al., 2006).

Picture Viewing Task

A modified version of a picture viewing task our lab group has used in previous studies
(Macatee, Preston, et al., 2023; Preston et al., 2024) was used to examine the coherence between
a neurophysiological measure of reward and self-reported reward (i.e., reward coherence). The
Late Positive Potential (LPP), which is a positive-going event-related potential (ERP) component
that begins approximately 400ms after stimulus presentation, was used as the neurophysiological
measure of reward. The LPP is thought to measure sustained motivated attention to emotionally
salient stimuli (Schupp et al., 2000). The LPP has been well-validated as sensitive to emotional
arousal (De Cesarei & Codispoti, 2011; Minnix et al., 2013; Schupp & Kirmse, 2021). Self-
reported reward was measured by a report of the subjective emotional arousal of each picture on
a 1-9 Self-Assessment Manikin (SAM; Bradley & Lang, 1994) when participants were asked to
‘rate how strong of an emotional response you had to this picture’ (Moeller et al., 2012).
Participants were asked to complete this task while undergoing simultaneous EEG recording at a
laboratory visit.

Participants were instructed to view pictures of four types (i.e., cannabis, pleasant,
unpleasant, neutral) presented on the screen, while keeping their eyes fixated on each picture for
its entire duration. Each trial began with a fixation cross presented for ~1000ms (randomly
jittered offset at -50, 0, or 50ms), followed by the picture presentation for 3000ms and then an
inter trial interval (ITT) with a random duration of 1400-1600ms (intervals of 100ms).

Participants completed six blocks of 20 pictures, for a total of 120 pictures. Each block contained
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five pictures from each picture type (i.e., cannabis, pleasant [e.g., adventure], unpleasant [e.g.,
mutilation], neutral [e.g., miscellaneous object]) in a random order. Two picture sets were
counterbalanced across both lab visits, such that half the sample picture set A and the rest
received picture set B at the baseline lab visit. Each half of the sample then received the opposite
picture set at the second lab visit. Cannabis pictures came from a picture set previously validated
by our lab group (Macatee et al., 2021). Pleasant, unpleasant, and neutral pictures were selected
from the International Affective Picture System (IAPS; Lang et al., 1999). All pictures across the
two picture sets were meticulously matched on valence, arousal, and presence of people. Pictures
were also matched on physical attributions, including hue, saturation, and value (brightness).
Probabilistic Learning Choice Task and Insight Assessment

The probabilistic learning choice task is a computerized behavioral paradigm adapted for
cannabis users from Moeller et al. (2010) to assess behavioral insight. Participants were
instructed to select a card from four virtual face-down card decks, which they were told contain
pictures from four categories (i.e., pleasant, unpleasant, neutral, and cannabis). The exact picture
sets from the picture viewing task described above were used. Each picture deck contained 26
pictures from a primary picture type in addition to four pictures from the remaining three picture
types (two from one type and one from each of the other types), creating a probability of .867 of
viewing the primary picture type of a particular deck. Importantly, primary picture types of decks
were not explicitly communicated to the participants.

During each trial, participants were asked to press a button corresponding to one of the
virtual card decks. After a selection was made, participants passively viewed an image from that

deck for 2000ms, followed by another deck selection in the proceeding trial. Card deck picture
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types were shuffled after a participant selected a particular deck eight times, so they had to re-
learn which deck was associated with each picture type.

Finally, at the end of the task, participants were asked which picture type they believe
they selected most often. Behavioral insight was assessed by comparing each participant’s self-
reported most chosen picture type to their actual most chosen picture type. Behavioral insight
was considered ‘unimpaired’ when self-reported versus actual most chosen picture types were
congruent and was considered ‘impaired’ when incongruent, as previously validated in people
with opioid and cocaine use disorders (Moeller et al., 2010, 2020) as well as people with CUD
(Macatee, Schermitzler, et al., 2023).

Intraclass correlation coefficients (ICCs) were calculated using two-way, mixed-effects,
single measures absolute value models (Model 3; Shrout & Fleiss, 1979) to test reliability of
choice behavior over the one-week study period. Reliabilities of cannabis picture choice
behavior and cannabis relative to pleasant picture choice behavior were good, ICC =.735, 95%
CI [.482, .869], and moderate to good, ICC = .603, 95% CI [.324,.786], respectively, using ICC
magnitude interpretations from Bunford et al. (2017). The reliability of the behavioral insight
variable was poor over the one-week study period, ICC =-.127, 95% CI [-.470, .241].

EEG Recording and Data Processing

EEG data were collected with a BrainVision 32-channel actiCap and a BrainVision
actiCHamp amplifier. EEG signals were recorded at a 1000 Hz sampling rate, with an online
analog bandpass filter of 0.05 — 100 Hz. The midline electrodes AFz and FCz were used as the
ground and online reference, respectively. Offline, the data were re-referenced to the averaged
mastoids (TP9 and TP10). Horizontal electrooculogram (EOG) activity was recorded from

electrodes placed at the outer canthi of the eyes, and vertical EOG activity was recorded from
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electrodes placed above and below the left eye. Electrode impedance values were kept below 15
kQ throughout the recording sessions.

During EEG data pre-processing, data were downsampled to 250 Hz, followed by the
application of high-pass (0.01 Hz) and low-pass (30 Hz) filters. Epochs time-locked to picture
onset were created using a -200 to 3000ms time window. The Fully Automated Statistical
Thresholding for EEG artifact Rejection (FASTER) algorithm (Nolan et al., 2010) was used for
artifact detection and rejection. Finally, single trial LPPs at the central-parietal sites were
exported from BrainVision Analyzer.

Statistical Analyses

To address Hypothesis 1, reward coherence coefficients were calculated for each picture
type in each individual. Similar to Smith et al. (2022), this was accomplished through a series of
linear mixed models with single-trial LPPs predicting corresponding subjective arousal ratings
using person-centered means. LPP was included as a person mean-centered fixed effect and
random effects were applied to the intercept and LPP. Person-specific regression coefficients
(i.e., coherence coefficients) for each picture type were extracted using PROC MIXED (SAS
9.4) and used as a dependent variable in three repeated measure ANOVAs, with RCQ, MUL and
behavioral insight as the between-subjects variable and picture type (cannabis, pleasant,
unpleasant, neutral) as a within-subject factor. We predicted that picture type would moderate
the relationship between the insight variables and reward coherence, such that lower insight
would predict decreased reward coherence in the pleasant and cannabis images only.

If Hypothesis 1 was supported, we proposed four cross-sectional mediation models to
address Hypothesis 2. The proposed models were to be created with coherence coefficients for

cannabis and pleasant images mediating the relationships between behavioral insight and clinical
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insight variables (see Figure 1). We predicted that reward coherence for both cannabis and
pleasant images would have an indirect effect between behavioral insight and clinical insight
variables (MUL and RCQ), such that impaired behavioral insight predicting low clinical insight
would be driven by low reward coherence for both picture types.
Results

Sample Characteristics

Table 1 presents demographic, cannabis, and mental health characteristics for the current
sample (N = 33), which consisted of 33 individuals (51.6% female) with a mean age of 28.42
years old. 17 individuals presented with moderate CUD, while 16 individuals presented with
severe CUD. After completing the probabilistic learning choice task, 22 individuals were labeled
as having intact insight and 11 individuals were labeled as having impaired insight (2 of 11 were
unaware of cannabis choice behavior). Self-report and behavioral data were available for the full
sample; however, LPP data for one individual was discarded due to poor data quality resulting
from movement artifact.
Manipulation Check

Subjective arousal ratings during the picture viewing task showed the expected pattern,
such that cannabis (M = 3.99), pleasant (M = 4.14), and unpleasant (M = 5.76) pictures were all
rated as significantly more emotionally arousing than neutral (M = 2.48) pictures, F(1.74, 55.54)
=42.84, p <.001, n? = .572. Post-hoc analyses showed that this effect was driven by significant
differences between all picture types except between cannabis and pleasant (see Table 2). LPP
measured at central-parietal sites also showed the expected effect of picture type, F(3, 93) =

16.51, p <.001, n? = .347. Similar to pattern in the subjective arousal ratings, post-hoc analyses
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showed that LPPs were significantly different between all picture types except between cannabis

and pleasant (see Table 3).

During the probabilistic learning choice task, participants chose to view images in the
expected pattern, such that pleasant and cannabis pictures were both chosen more often than
neutral images and unpleasant images, but at comparable frequencies to each other, F(2.23,
71.27)=22.10, p <.001. Table 4 exhibits mean differences between the picture choices.
Additionally, participant-level data from the probabilistic choice task for the impaired insight
group is presented in Table 5.

Hypothesis 1

There was a main effect of behavioral insight, such that coherence between the
LPP/subjective arousal slopes was greater in the impaired insight group, relative to the intact
insight group, F(1, 30) = 8.31, p = .007, n?> = .217. Picture type did not moderate the relationship
between behavioral insight, F(1.44, 43.15) = 1.91, p = .170, n? = .060, problem recognition,
F(1.42,42.64) = .146, p = .791, n* = .005, nor motivation to change, F(1.43,42.94)=1.02, p =
.347,m? = .033, and reward coherence. To ensure these findings were not affected by the
inclusion of individuals with moderate CUD in the current sample because our prior results were
found in a sample of severe CUD (Macatee, Schermitzler, et al., 2023), the analyses were also
run in the subsample with severe CUD. In this subsample, picture type still did not moderate the
relationship between behavioral insight, F(1.28, 17.94) = .74, p = .434, 12 = .050, problem
recognition, F(1.27, 17.76) = .16, p = .757, n* = .011, nor motivation to change, F(1.23, 17.18) =
1.82, p =.196, n?> = .115, and reward coherence.

Hypothesis 2
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Hypothesis 2 was not tested in full due to the null findings in Hypothesis 1; however, the
relationships between behavioral insight and the clinical insight variables (see C paths in Figure
1) were tested in an attempt to replicate the findings from Macatee and colleagues (2023).
Results, shown in Figures 2 and 3, indicated that both motivation to change, F(1,31)=.55,p =
463, %= .018, and problem recognition, (1, 31) =.32, p =.575, 1> = .01, were unassociated
with behavioral insight. To ensure this finding was not due to the individuals with moderate
CUD included in the sample, the analyses were also run in the subsample with severe CUD,
which resulted in consistent non-significant findings for motivation to change, F(1, 14)=.71,p =
413, n? = .048, and problem recognition, (1, 14) = .55, p = .472, w> = .037. Finally, to ensure
the null results were not related to extraneous noise introduced through the single-trial approach,
we tested linear regressions with mean-centered LPP and each insight variable (behavioral
insight, mean-centered problem recognition, and mean-centered motivation to change), along
with their interactions, predicting subjective arousal in the cannabis and pleasant pictures. As
shown in Table 6, all six of the models were non-significant.

Discussion

The current study sought to disentangle the neural and behavioral mechanisms involved
in clinical insight by examining reward responsivity interoception and behavioral self-monitoring
in people with CUD using a multi-method approach. Specifically, we used a novel measure,
termed reward coherence, to assess discrepancies between brain-based and self-reported
measures of reward responsivity. In addition, we attempted to establish a relationship between
reward coherence and motivation to change cannabis use, problem recognition, and behavioral
self-monitoring. Despite the picture type manipulation working in the expected directions at

neural and subjective self-report levels during the picture viewing task and in choice behavior
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during the probabilistic learning choice task, none of the original hypotheses were supported. In
fact, contrary to theory, results showed that individuals with impaired (relative to intact)
behavioral insight had stronger LPP/subjective arousal slopes across picture types. While these
results did not work out as expected, this study did provide some new information that should be
consolidated into our understanding of clinical insight and behavioral self-monitoring in people
with CUD.

Our results involving measures of coherence between neurophysiological and subjective
measures of emotional arousal were largely null; however, we did find a significant relationship
between behavioral insight and coherence slopes, such that individuals with impaired behavioral
insight had stronger coherence independent of picture type. Because a previous study found a
relationship between SUD severity and discrepancies in perceived versus neurophysiological
reward responsivity using averages rather than trial-by-trial neurophysiological responses and
ratings (Goldstein et al., 2008), it was possible that the single trial nature of our coherence values
led to unintended inclusion of noise that obscured the results. When we tested the behavioral and
clinical insight moderations using regressions between person-level means of LPP predicting
means of subjective arousal for both cannabis and pleasant images, the results remained null,
eliminating this concern. One potential explanation of these findings is the well-known historical
difficulty in correlating measures of a construct or related constructs at different units of analysis
(Campbell & Fiske, 1959), making it especially difficult to pinpoint reliable physiological
biomarkers of psychopathology (Kalia & Silva, 2015). A “psychoneurometric” approach using
latent variables to approximate constructs of interest has been suggested to address this concern

(Patrick et al., 2013; Patrick & Bernat, 2010), which may be especially relevant considering the
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current findings in the context of Research Domain Criteria (RDoC) discussion. Future studies
may consider using such an approach.

When attempting to replicate our previous findings that found reduced problem
recognition and motivation to change in individuals with impaired behavioral insight (Macatee,
Schermitzler, et al., 2023), we found no such relationship. Several factors may have contributed
to this failed replication. First, our sample was unevenly distributed between impaired and intact
behavioral insight, such that our impaired subsample only contained 11 individuals which greatly
reduced our power to detect an effect. Our previous sample of 42 individuals was comprised of
approximately 47.6% individuals with impaired insight. It is possible that increasing the number
of individuals with impaired insight may provide more definitive results. Another deviation from
our prior study is that the present study included individuals with moderate and severe CUD,
while the prior study included severe CUD only. While we attempted to rule out this explanation
with follow-up analyses in the subsample with severe CUD, that subsample only contained 16
individuals, so statistical power was a limiting factor. Finally, the strongest explanation for this
failed replication implicates the reliability of the behavioral insight measure on the probabilistic
learning choice task. To our knowledge, this is the first study to assess the test-retest reliability of
the dichotomous impaired/intact behavioral insight measure. Poor reliability of this measure was
found across a one-week period, calling into question the clinical utility of the measure. Notably,
the test-retest reliability of the choice behavior on the same task was moderate to good,
consistent with another study that assessed the test-retest reliability of choice behavior on a
similar task in people with a tobacco use disorder (Solinas et al., 2024). Future studies should

seek to expand on the reliability and clinical utility of different measures derived from this task.
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This study has some noteworthy limitations. First, the sample size is relatively small and
was likely underpowered to detect the effects of interest. As mentioned, prior studies using the
probabilistic learning choice task included larger sample sizes (Macatee, Schermitzler, et al.,
2023; Moeller et al., 2010, 2012, 2020). Additionally, the prior study using this task in a CUD
sample recruited individuals with severe CUD only, whereas the current sample is roughly half
moderate and half severe CUD, which may impact the effects of interest. Recruitment for this
study is ongoing, so analyses will be rerun after the full sample (N = 50) is collected.
Additionally, the current study did not have a cannabis-naive healthy control group with which
to compare reward coherence slopes or picture choices. Previous studies have included these
control groups to establish group differences in picture choice on the probabilistic learning
choice task (Macatee, Schermitzler, et al., 2023; Moeller et al., 2010), which could serve as an
important validator that the task is performing as expected.

In conclusion, the findings from the current study do not support reward coherence as a
mechanism of behavioral or clinical insight in people with CUD. Additionally, the psychometrics
and clinical utility of the behavioral insight assessment on the probabilistic learning choice task
should be further examined, and other measures of behavioral insight measurement should be
explored. Expanding our knowledge on these topics and applying findings to clinical practice

remain important endeavors towards improving health outcomes in people with CUD.
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Reward Coherence Reward Coherence
(Cannabis) (Cannabis)
A 8 A 8
Behavioral Insight = MuL BehavioralInsight e RCQ
Reward Coherence Reward Coherence
(Pleasant) {Pleasant)
A 8 A B
Behavioral Insight ~ MuL Behavioral IInsight = RCQ

Figure 1. Models depicting indirect effects of reward coherence correlations between behavioral
insight and motivation to change (MUL; 1A and 1C) and behavioral insight and problem
recognition (RCQ; 1B and 1D).
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Table 1. Sample Characteristics

=33
Morn SD
Demographics
Age 28.42 10.52
Sex
Male 15 -
Female 18 ---
Gender
Man 14 -
Woman 17 -
Transgender 1 -
Non-binary 1 -
Sexual Orientation
Heterosexual 17 ---
Homosexual 1 -
Bisexual 13 -
Other (pansexual) 2 -
Ethnicity
Black (Not Hispanic) 2 -
White (Not Hispanic) 24 -
Hispanic 2 -
Mixed Race/Ethnicity 5 -
Household Income
$30-19,999 5 ---
$20,000-39,999 3 ---
$40,000-59,999 4 -
$60,000-79,999 5 ---
$80,000-99,999 6 ---
$100,000+ 10 ---
Education
High school graduate 5 -
Some college 22 -
Bachelor’s degree 5 -—-
Post-graduate degree 1 -
Cannabis Use
Current DSM-5 CUD Symptoms 5.91 1.70
Past-month cannabis use days 27.12 6.02
Age at cannabis initiation 16.94 4.37
Age at regular cannabis use 18.94 6.59
# of years of regular cannabis use 9.26 8.52
Primary cannabis use method
Vape 6 -
Blunt/Joint 7 -—-
Bong 15 -
Bowl 4 -
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Edibles 1 -
Cannabis use problem recognition -1.52 3.65

Motivation to change cannabis use 5.00 2.96
Self-reported cannabis problems 4.70 3.85
Mental Health

Alexithymia 66.75 26.86
Positive affect 33.48 7.89
Negative affect 18.94 4.64
Distress intolerance 11.76 9.20

Note. Cannabis use problem recognition = Readiness to Change Questionnaire (RCQ)
Contemplation minus Precontemplation subscales. Motivation to change cannabis use =
Marijuana Use Ladder (MUL). Self-reported cannabis problems = Marijuana Problems
Scale (MPS). Alexithymia = Perth Alexithymia Questionnaire (PAQ). Positive affect =
Positive and Negative Affect Schedule — Positive Affect (PANAS-PA). Negative affect =
PANAS — Negative Affect (NA). Distress intolerance = Distress Intolerance Index (DII).
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Table 2. Arousal Rating Differences Between Picture Types

Cannabis Pleasant Neutral Unpleasant
Cannabis --- -.15(.24) 1.51 (27)"™ -1.77 (43)™
Pleasant --- 1.66 (.16)"" -1.62 (29)""
Neutral --- -3.28 (29)""

Unpleasant —

Note. Mean differences (standard errors) of subjective arousal ratings between picture
types during the picture viewing task. ™ = p <.001

Table 3. Average LPP Differences Between Picture Types

Cannabis Pleasant Neutral Unpleasant
Cannabis --- 34 (.72) 1.83 (.59) -2.70 (.68)""
Pleasant --- 1.49 (.52)” -3.04 (.78)""
Neutral - -4.53 (.62)™

Unpleasant —

Note. Mean differences (standard errors) of LPP averages between picture types during
the picture viewing task. ** = p < .01, ™" = p <.001

Table 4. Average Behavioral Choice Differences Between Picture Types

Cannabis Pleasant Neutral Unpleasant
Cannabis --- -1.49 (2.05) 4.15 (1.94) 10.52 (1.38)"™"
Pleasant --- 5.64 (1.64)" 12.00 (1.38)"™"
Neutral --- 6.36 (1.10)™"

Unpleasant —

Note. Mean differences (standard errors) of picture choice averages between picture types
during the picture viewing task. “=p < .05, ™ =p <.01, " =p <.001
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Table 5. Choice Behavior of Impaired Insight Subsample

Participant Number
3 7 8 13 15 17 18 19 21 22 33

Choice
Totals

Pleasant

25 31 27 9 12 27 8 24 29 22 14
Total

Unpleasant
Total

Cannabis
Total

Neutral

3 19 20 19 23 22 20 17 11 24 28
Total

Choice
Differences

Cannabis-

Pleasant -2 -19 21 7 8 4 3 -4 -5 5 -8

Cannabis-
Neutral

Cannabis-
Unpleasant

Choice
Descriptives

Perceived
Most-
Viewed C N U P C N P C C P P

Picture
Type

Actual

Most-

Viewed P P P N N C N P P C N
Picture

Type

Unaware of
Cannabis No No No No No Yes No No No Yes No
Choice?

Note. Number of choices of each picture type, differences in choices between picture
types, participant perceived most-viewed picture type, actual most-viewed picture type,
and awareness of cannabis choice behavior for participants with impaired behavioral
insight. C = Cannabis, P = Pleasant, U = Unpleasant, N = Neutral.
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Motivation to Change by Insight
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Figure 2. Motivation to change cannabis use by behavioral insight category (impaired, intact).
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Problem Recognition by Insight
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Figure 3. Cannabis use problem recognition by behavioral insight category (impaired, intact).
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Table 6
Moderated Regressions: LPP Predicting Arousal Moderated by Insight Variables

Effect Estimate SE 95% CI p
LL UL
Cannabis LPP
Behavioral Insight
Intercept 3.70 .60 2.47 4.93 <.001
LPP .10 14 -.18 38 48
Behavioral Insight * 25 74 -1.25 1.76 73
LPP x Insight -.09 18 -.46 .29 .64
Problem Recognition
Intercept 3.84 36 3.10 4.58 <.001
LPP 07 .09 -.12 25 47
RCQ -.09 .10 -.30 A2 38
LPP x RCQ .02 .04 -.05 .09 57
Motivation to Change
Intercept 3.88 33 3.20 4.57 <.001
LPP 07 .09 -.11 25 44
MUL -.10 A2 -33 14 42
LPP x MUL .04 .03 -.03 A1 28
Pleasant LPP
Behavioral Insight
Intercept 4.02 .39 3.22 4.81 <.001
LPP A2 .09 -.07 30 .20
Behavioral Insight * .20 48 -.78 1.18 .69
LPP x Insight -.11 A2 -35 13 34
Problem Recognition
Intercept 4.18 26 3.65 4.72 <.001
LPP .03 .06 -.10 .16 .64
RCQ -.07 .07 -23 .08 32
LPP x RCQ .01 .03 -.05 .07 .82
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Motivation to Change

Intercept 4.12 23 3.64 4.60 <.001
LPP .04 .06 -.08 .16 46
MUL -.02 .08 -.19 15 .81
LPP x MUL -.01 .02 -.05 .03 .55

Note. Number of participants = 32. CI = confidence interval; LL = lower limit; UL = upper limit.

2 0 = impaired behavioral insight, 1 = intact behavioral insight.
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